The present paper describes the grain size refinements of Cu-3 mass%Ti alloys by hydrogen heat-treatment of so-called HydrogenationDisproportionation-Desorption-Recombination (HDDR) process. During hydrogenation process, the disproportionation reaction occurred with forming of Ti hydrides in the alloy. With decomposition of Ti hydrides by the subsequent desorption process, Ti resolved into Cu matrix. In consequence, the original solid solution phase of the alloys formed. This means that the HDDR phenomena could take place in the Cu-3 mass%Ti alloy. The grain size of the alloy is found to be about 20-50 nm after HDDR treatments such as hydrogenation treatment at 350 C under hydrogen pressure of 7.5 MPa for 48 h, followed by the hydrogen desorption treatment at 530 C for 4 h in vacuum. On the other hand, it is found that remarkable simultaneous improvements of mechanical strength of 1100 MPa and electrical properties of 21%IACS are obtained in the hydrogenated alloy.
Introduction
Copper alloys have high electrical conductivity and good spring properties. So these alloys have been widely used for bonding wires or substrate wiring in PC or cell phone and so on. Especially, the Cu-Be-based alloys exhibit a high strength. However, the shortcomings of Cu-Be alloy are emitting of toxic gasses during production process and the high cost of Be.
Recently, Cu-Ti alloys attract attentions with their highstrength as substitution of poisonous Cu-Be alloys. Although strength of Cu-Ti alloys is inferior to that of Cu-Be alloys, Cu-Ti alloys have other good properties, such as high spring property and abrasion resistance. In order to substitute Cu-Be alloys with Cu-Ti alloys, further enhancements of their mechanical properties such as ductility and strength are strongly required.
Cu-Ti alloys undergo spinodal transformation during aging 1) and the formation of fine-scale coherent/semicoherent D1a(Cu 4 Ti) precipitates at high supersaturation causes high strength in Cu-Ti alloys. [2] [3] [4] [5] To obtain higher strength of the alloy, other approaches are required.
One of the ways to improve strength of alloys is grain-size refinements. There are several methods to obtain fine grains such as Equal Channel Angular Pressing (ECAP), 6 ) the Accumulative Roll-Bonding (ARB) process 7) and HighPressure Torsion (HPT). 8) Hydrogenation-Disproportionation-Desorption-Recombination (HDDR) process is the potential method to obtain submicron grains. This process is well-known as a part of production process for bonded Nd-Fe-B permanent magnetic alloy. [9] [10] [11] It is also reported HDDR process is effective for obtaining fine grains in Tibased alloys. 12, 13) We have reported that HDDR process also could take place for Mg-based solid-solution alloys (AZ91, AZ61, AZ31 and ZK60). [14] [15] [16] The grain size of HDDR treated sample was reduced to less than 500 nm. From these reports, it could be said that HDDR process is useful for grain-size refinements in the alloys in which based elements have high affinity to hydrogen.
Recently, it is reported that HDDR process can also take place at Al-Mg (Al-7.8 mass%Mg) alloys in which based Al element has poor affinity to hydrogen. 17) It is notable that the grain size of the HDDR treated alloys decreased from about 10 mm into several 10 nm. These results suggest that HDDR process may be able to be applied to many alloy systems where the element(s) of high hydrogen affinity are contained in order to improve mechanical properties of alloys.
Semboshi et al. reported improvements of the electrical conductivities of Cu-3 at%Ti(Cu-2.3 mass%Ti) alloys aged at 500 C in a hydrogen atmosphere (approximately 0.1 MPa H 2 ). 18, 19) It is also reported that electrical resistivity of Cu-(1-3.4 mass%)Ti alloys decreases while the thermal diffusivity increases upon aging at 720 K. 20) These phenomena could be due to the result from the decreases in the amount of the dissolved Ti in the Cu solid solution phase. [18] [19] [20] In the present investigation, Cu-3 mass%Ti alloys are chosen since Ti is an element of its high affinity with hydrogen. 21) Moreover, the alloy is commercially available, and has been widely used for high-strength electrical conducting materials such as lead frames and connectors.
Then, the purpose of the present study is to investigate the possibility of occurrence of HDDR phenomena and their effects on the microstructure, electrical conductivity and mechanical properties for the Cu-3 mass%Ti alloy.
Experimental Procedures
The Cu-3 mass% Ti alloy was provided by Nippon Mining & Metals Co., Ltd. This sample was rolled after solution treatment and thickness of the sample is 50 mm. Before the HDDR treatment, ultrasonic washing in acetone was carried out. Then, the samples were subjected to the HDDR treatment. The hydrogenation of the samples were carried out at 200-450 C under a hydrogen pressure of 7.5 MPa for 48 h, and following dehydrogenation was done * Graduate Student, Tohoku University at 350-600 C for 1-4 h under vacuum with using a rotary oil-pump.
The crystal structure of alloys was characterized by X-ray diffraction. Standard specimens for XRD were not used in this study. Microstructural observations were performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The samples subjected to TEM observations were prepared by using an ion-milling apparatus. The hydrogen content of sample was measured by means of a fusion extraction analysis. In order to measure dehydrogenation temperature, TG-DTA-mass was used. The tensile tests were carried out by the samples with dimensions of 10 mm Â 3 mm Â 50 mm utilizing SHIMAZU AUTO-GRAPH AG-X universal testing machine with a crosshead speed of 25 mm/s. The electrical conductivity was measured by using the standard four-terminal methods at room temperature on samples with dimensions of cross-section were 1 mm{2:5 mm Â 50 mm and length of about 4-6 mm. Figure 1 shows XRD pattern of the as-rolled Cu-3 mass%Ti sample. The sample consists of single phase of fcc phase. The peak corresponding to (220) of fcc phase is intensified, probably because of the texture developments during rolling. The lattice constant of as-rolled Cu-3 mass%Ti alloy is calculated as 0.3637(1) nm from XRD patterns (cf. Cu: 0.3615 nm; JCPDS card). This result suggests that the sample is consisted of solid solution of Cu-Ti of fcc phase. Figure 2 shows TEM micrographs of the as-rolled Cu-3 mass%Ti sample. From electron diffraction pattern in Fig. 2(a) , single-phase of Cu solid solution was confirmed and the grain size of sample was estimated to be about 5 mm.
Results and Discussion
Then, optimization of hydrogenation temperature for Cu-3 mass%Ti alloy was carried out. 200-450 C under 7.5 MPa of hydrogen for 48 hours. All hydrogenated samples were confirmed as consisting of fcc phase. Table 1 shows the lattice constants of Cu-3 mass%Ti alloys and the estimated Ti contents from the lattice parameter 22) for the specimen of as-rolled and after hydrogenation at each temperature. In Cu-Ti alloys, Vegard's low could be applied, in which the lattice constants are proportional to Ti amount in fcc matrix. The lattice constants of the samples hydrogenated at 200 to 300 C have no significant changes. However, the lattice constants of samples decreased significantly with increasing of the hydrogenation treatment temperature in the range from 350 to 450
C. This reduction of lattice constants might be due to decrement of Ti content in Copper-matrix, in probably forming TiH 2 during hydrogen heat-treatment over 300 C. Figure 4 shows SEM images of the samples after hydrogenation at 200-450 C under 7.5 MPa of hydrogen for 48 h. In samples hydrogenated above 300 C, the dark-color region was observed. Particularly, in sample hydrogenated at 350 C, much more dark-color region was observed. Figure 5 shows results of SEM-EDX analysis of the sample hydrogenated at 350
C for 48 h. From this result, it is revealed that dark color region contains more Ti than blight region. For example, dark region (#2 in Fig. 5 ) consists of 33.1 mass%Ti. This result suggests that dark-contrast phase is Ti hydride. Figure 6 shows TEM micrographs of bright-field, darkfield with electron diffraction of the samples after hydrogenation at 300-450 C under 7.5 MPa of hydrogen for 48 h. Except the sample treated at 350 C, fcc phase was observed. However, the sample hydrogenated at 350 C have fine TiH 2 with the grain size of about 50 nm in fcc phase. This means that optimum temperature for hydrogenation was 350 C. Additionally weak diffracted spots were observed in the electron diffraction patterns. These spots would correspond to the superlattice reflections of D1a (Cu 4 Ti). However, it was difficult to identify the diffracted spots from D1a (Cu 4 Ti) phase in the hydrogenated sample at 350 C as shown in Fig. 6 .
In order to measure the hydrogen content of the alloy, the fusion extraction analysis was conducted for some samples. The hydrogen amount of as-rolled Cu-3 mass%Ti sample was measured to be 0.00598 mass% by fusion analysis. On the other hand, the hydrogen amount of the hydrogenated Cu-3 mass%Ti sample was measured to be 0.0871 mass%. If Ti in Cu-3 mass%Ti was fully-hydrogenated to TiH 2 , the amount of hydrogen of Cu-3 mass%Ti could be estimated to be 0.09505 mass%. Therefore, it can be said that Cu-Ti sample was hydrogenated during hydrogenation process.
The dehydrogenation property of as-rolled Cu-3 mass%Ti sample and the hydrogenated Cu-3 mass%Ti sample (hydrogenated at 350 C under 7.5 MPa for 48 h) is studied by TG-DTA-mass. Figure 7(a) and (b) show TG-DTA-mass analysis 
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of hydrogen and oxygen from as-rolled Cu-3 mass%Ti sample and those from the hydrogenated Cu-3 mass%Ti sample, respectively. Compared to as-rolled sample ( Fig. 7(a) ), the desorption of hydrogen was observed in hydrogenated sample (Fig. 7(b) ) in the range from 400 to 530 C.
From these results, it is confirmed that hydrogenation of the alloy occurred in the alloys.
The effects of dehydrogenation temperature on appeared phases of Cu-3 mass%Ti alloys from 350 C to 600 C were studied. Figure 8 shows XRD patterns of the samples after dehydrogenation at 350-600 C for 4 h in vacuum. fcc phase peaks were observed in all samples. In addition, in samples dehydrogenated above 500 C, peaks corresponding to Cu 4 Ti phase were observed. Table 2 shows lattice constants of Cu-3 mass%Ti alloys and the estimated Ti contents before and after dehydrogenation at 350-600 C for 4 h in vacuum. The lattice constants of matrix phase were almost as same as that of the pure Cu. Decrement of Ti content in Cu matrix would be caused by the formation of intermetallic compound of Cu 4 Ti. Figure 9 shows TEM micrographs of bright-field and darkfield with electron diffraction for the samples after dehydrogenation at 530 C for 4 hours in vacuum. From the selected area diffraction (SAD), inset of Fig. 9(a) , the diffraction rings were observed and were indexed as fcc phase. The grain size of this sample was found to be about 20-50 nm. Meanwhile, in Fig. 9 (c) lamella Cu 4 Ti and Cu with large grain size were also obtained at the same time after dehydrogenation. Therefore, it can be said that the HDDR phenomena occur in the alloy with the grain refinement in Cu-Ti alloys. Figure 10 shows nominal stress of the samples, as-rolled, after hydrogenation (HD-treatment), dehydrogenation (HDDR-treatment) and annealing at 350 C for 48 h in Ar atmosphere. It is rather remarkable that nominal stress of hydrogenated sample exhibits the higher value of 1094 MPa, much higher than that of as-rolled sample (743.6 MPa). The sample annealed at 350 C for 48 h in Ar atmosphere only shows 908.8 MPa. However, HDDR sample shows 607.2 MPa. This result suggests that coarsening of Cu grain simultaneously took place during desorption-recombination process. The reason why hydrogenated sample shows high strength seems to be interpreted as follows; Cu-Ti alloy is well known as spinodal alloy. During heat treatment, spinodal decomposition will proceed with the formation of Cu-rich and fine-scale D1a(Cu 4 Ti) phase. During the decomposition, when hydrogen diffuses into alloys, Ti- Table 2 Lattice constants of Cu-3 mass%Ti alloys before and after dehydrogenation at each temperature. hydrides formed in consumption of Ti in mainly D1a phase as well as some Ti content even in Cu-rich phase. It is speculated the fine Ti hydrides would be dispersed in spinodally decomposed phases. The further study is required in clarifying the newly formed microstructures. Figure 11 shows stress-strain curves (S-S curves) of each sample. Both HD and HDDR samples have better ductility than as-rolled sample. Particularly, HDDR sample's high ductility is probably caused by the refinement of grains of Cu. Furthermore, the hydrogenated sample showed the highstrength. Figure 12 shows electrical conductivity of the samples, asrolled, after hydrogenation (HD-treatment), dehydrogenation (HDDR-treatment) and annealing at 350 C for 48 h in Ar atmosphere. In this study, the electrical conductivity is expressed in the unit of ''%IACS'', which means a comparison of the electrical conductivity with the international annealed copper standard(IACS), 6:0 Â 10 7 /m. Although as-rolled Cu-3 mass%Ti sample shows only 3.73%IACS, but HD and HDDR treated samples show 21.36% and 21.97%IACS, respectively. High electrical conductivity of HD treated sample is because of the formation of Ti hydride and decrement of Ti content in Cu-rich phase. This could be understood in considering that the annealed sample at 350 C for 48 h in an Ar atmosphere shows 13.06%IACS where Curich and D1a(Cu 4 Ti) two phases will exist. It is rather striking that the hydrogenated sample has high mechanical strength of 1100 MPa and high electrical conductivity of 21%IACS. Semboshi et al. reported that the electrical conductivity of Cu-3 at%Ti alloy (Cu-2.3 mass%Ti) is more than 65%IACS after aging at 500 C for 48 h in hydrogen atmosphere. 18, 19) This could be due to the reason that Ti content not only in the solid solution of Cu, but also in -Cu 4 Ti phase decreases effectively by aging in hydrogen atmosphere than that by aging in vacuum in forming Ti-hydrides. The hardness of the Cu-3 at%Ti alloy aged at 500 C for 1 h in hydrogen atmosphere is the same as that aged in vacuum. 19) On the other hand, in the present study for Cu-3 mass%Ti alloy, the nominal stress (1094 MPa) of hydrogenated sample at 350 C is higher than that (908.8 MPa) of aged sample in Aratmosphere.
Sample
Simultaneous improvements of electrical conductivity and mechanical strength in the present study will be due to lower temperature (350 C) of hydrogenation temperature and high hydrogen pressure of 7.5 MPa, in comparing the studies of Semboshi et al., although the composition of the studied alloy is slightly different. Further detailed studies are required to clarify the reason why these conditions yielded the excellent properties. This new finding that aging of the alloys in hydrogen gives the simultaneous improvements of electrical conductivity and mechanical strength, may be applicable to the other spinodal or precipitated-hardened alloys in the future.
Conclusions
The possibility of occurrence of HDDR phenomena and evolution of the microstructure, electrical conductivity and mechanical property were studied in Cu-3 mass%Ti alloy. Upon hydrogenation, Cu-3 mass%Ti alloy was disproportionated into Cu and Ti hydride phases. After the following dehydrogenation, Ti hydride decomposed and resolved in Cu matrix. It was found that HDDR phenomena could take place in the Cu-3 mass%Ti alloy in forming the fine grains with 20-50 nm. This could be the first observation that HDDR phenomena occur in Cu-Ti alloy. It is rather remarkable that the hydrogenated sample has high mechanical strength of 1100 MPa and high electrical conductivity of 21%IACS.
